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Abstract 

 

The presence and synthesis of transfer RNA (tRNA) is highly conserved in all organisms and 

a lot of genetic material is dedicated to its synthesis. tRNA contains a large number of 

modified nucleosides and several diverse functions have been found but much about their 

function is still unknown. By using a novel frameshifting system to select for tRNA 

modification mutants, new mutations were isolated and subsequently analyzed. This thesis 

examines the synthesis and function of a subset of tRNA modifications that have a sulfur 

(thio) -group as part of the modification. The isc operon encodes for proteins synthesizing 

iron sulfur centers ([Fe-S]) that are a part of the active site of many key enzymes in the cell 

and the thiolated nucleosides are dependant on a functional iron sulfur gene (iscS) for their 

synthesis. By studying thiolated tRNA it is not only possible to learn more about the synthesis 

of the modifications themselves, but also about the synthesis of [Fe-S] clusters. Based on an 

analysis of mutations in three of the isc operon genes (iscS, iscU, and iscA), a two-model 

pathway is proposed for the synthesis of Salmonella enterica Serovar Typhimurium thiolated 

tRNA modifications. The interactions of IscS with other proteins in the tRNA modification 

thiolation pathways suggest a more complex sulfur relay than had previously been envisioned. 

Some of the specificities and the effect of an iscA mutant on the levels of tRNA modifications 

lead to an examination of the role of IscA in [Fe-S] formation and its importance for tRNA 

modifications. 
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Summering 

 

Transfer RNA (tRNA) är en adaptor molekyl som genom att binda till så kallade kodon läser 

den genetiska informationen på messenger RNA (mRNA) som i sin tur har kopierats från 

DNA. På varje tRNA finns en aminosyra som är specifik för det kodon på mRNA som tRNA 

binder till. Med andra ord så översätter tRNA den genetiska koden från DNA till en 

aminosyrasekvens som utgör cellens proteiner. Förutom de vanliga nukleosiderna adenosin, 

guanosin, cytosin och uracil så innehåller tRNA också modifierade nukleosider. Dessa tRNA 

modifieringar är konserverade i hög grad mellan många organismer och en stor mängd 

genetisk information är dedikerad till deras syntes. Modifieringarna har en mängd viktiga 

funktioner men mycket är ännu okänt. Genom att använda ett nytt selektions system baserat 

på translationseffekter av mutationer i tRNA modifierings gener så har mutanter 

karaktäriserats. Den här avhandlingen behandlar syntesen och funktionen av de sex tRNA 

modifieringarna som innehåller svavel. De visar sig alla vara beroende på en funktionell järn-

svavel kluster (isc) gen, iscS, för att kunna bildas. Proteinerna som kodas av isc generna 

syntetiserar järn-svavel center ([Fe-S]). Dessa är en del av det katalytiska centret i många 

viktiga enzymer. Genom att studera dessa tRNA modifieringar kan vi därför studera bildandet 

av [Fe-S] i cellen. Mutationer i tre olika gener, iscS, iscU och iscA inblandade i syntesen av 

[Fe-S] beskrivs i detalj och baserat på dessa så beskrivs och förfinas en model för hur svavel 

inkorporeras i tRNA modiferingar via två distinkta syntesvägar. Proteinet IscS visar sig också 

ha en specificitet för interaktion med olika proteiner i dessa syntesvägar vilket talar mot dess 

tidigare beskrivna roll som en ganska passiv leverantör av svavel från L-cystein. Några av 

mutationerna i iscS och effekten på tRNA modifieringar i en iscA mutant påverkar modellen 

för hur IscA fungerar i syntesen av [Fe-S] center i cellen. 
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Introduction 

 

 

Translation 

 

The flow from genetic information stored in DNA to protein follows a central dogma in all 

living organisms: the information coded on DNA is transcribed into RNA that is subsequently 

translated into protein(s). Of course, this simple description of the flow is inadequate to 

describe this enormous machinery in the living cell and the bacterial translation machinery 

and its structures (reviewed in Ramakrishnan (2002) and Ogle and Ramakrishnan (2005)). 

The overall goal of this thesis was to understand the functions of the translation machinery 

components responsible for protein production. More precisely, it concerns the function of 

transfer RNA (tRNA) which is the link between mRNA and protein (Figure 1). tRNA acts as 

an adaptor molecule between the RNA world and the realm of proteins by translating the code 

contained in the mRNA to the correct amino acid sequence. The anticodon loop on the tRNA 

is specifically base paired inside the ribosome with the corresponding three-nucleoside 

sequence, called a codon on the messenger RNA (mRNA). Each tRNA has a specific 

sequence in the anticodon recognizing the codon on the mRNA and each tRNA carries an 

amino acid corresponding to the anticodon sequence. 
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Figure 1. Cloverleaf 2-dimensional structure of 

a tRNA molecule. The correct amino acid links 

to the tRNA by aminoacylation at the last 

nucleoside (shown in black). The anticodon 

consists of tRNA positions 34, 35, and 36 

(shown in grey). The tRNA anticodon region 

binds to the complementary codon on the 

mRNA. The three-nucleotide anticodon 

sequence is the basis of the genetic code that 

links a specific tRNA to its amino acid.

Many of the 20 amino acids in the cell are carried by more than one tRNA species. There are 

several codons for each amino acid accounting for all of the possible combinations of the four 

nucleosides present in RNA, adenosine (A), cytosine (C), guanosine (G) and uracil (U). Three 

of the possible codons (UAA, UAG, and UGA) lack a corresponding tRNA carrying an amino 

acid and are termed nonsense or stop codons that allow release factors to enter the ribosome. 

The release factors use a type of anticodon mimicry to form a weak mRNA-protein 

interaction that results in termination of translation (Nakamura and Ito, 2003). To add an 

amino acid to the growing peptide chain, the charged tRNA enters the ribosomal acceptor site 

(A-site) and binds to the codon on the mRNA in the form of a ternary complex (Figure 2). 

The ternary complex is composed of a charged tRNA, elongation factor complex EF-Tu, and 

guanosine-tri-phosphate (GTP). When the tRNA has successfully bound to the codon in the 

A-site, the GTP is expended to release EF-Tu, and the charged tRNA is moved into the 

peptityl site (P-site) in the accommodation reaction. In the P-site, the amino acid on the tRNA 

is added to the growing peptide chain. The mRNA and tRNA are then shifted one site in the 

elongation process expending another GTP. The tRNA that started in the A-site is now in the 
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P-site, the tRNA that was originally in the P-site is moved to the exit site (E-site), and the 

tRNA that was in the E-site leaves the ribosome that is now ready for another ternary complex 

to enter the empty A-site. The efficiency of the elongation event depends on the successful 

entry of the ternary complex into the A-site and that the tRNA does not fall off the codon in 

the ribosomal A-site after GTP hydrolysis. These events depend on factors such as the 

abundance of the charged tRNA in question, the availability of EF-Tu, and the strength of the 

interaction between the codon and the anticodon. The classical match is a perfect base pairing 

between the anticodon and the codon. However, this is not always possible since the cells can 

have varying levels of charged tRNA species that may leave the A-site open for interaction 

with less favorable anticodon-codon combinations. Some of these combinations, described in 

the wobble hypothesis, give interactions in the third codon pair (position 34 on the tRNA) that 

are not as rigid as the interactions at positions 35 and 36. 

 

 

 

 

 

 

Figure 2. The ribosome is made up of 

ribosomal RNA (rRNA) and supporting 

proteins. rRNA is divided into the large subunit 

containing the three sites that harbor the tRNA 

in the translation machinery, and the small 

subunit that binds the mRNA. The A-site is the 

acceptor site where the ternary complex enters 

the ribosome to bind to the mRNA. The 

growing amino acid chain on the tRNA is 

located in the peptidyl site (P-site). The exit 

site (E-site) is the position the uncharged tRNA 

occupies before it is ejected (Burkhardt et al, 

1998). 
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A tRNA with a perfect codon-anticodon match is termed a cognate tRNA, while a near 

cognate tRNA has two correct base pairs and one wobble interaction. The wobble hypothesis 

has evolved with time and details are given in Crick, Agris, and Nishimura (Crick, 1966; 

Agris, 1991; Yokoyama and Nishimura, 1995). Near cognate tRNA may enter the A-site more 

slowly and its interaction in either the A- or P-site can be more unstable, thus making it more 

prone to translational errors such as frameshifting. 

 

Translational proofreading and fidelity 

One problem the cell faces when trying to replicate or decode genetic material is to maintain 

translational accuracy or fidelity while sustaining speed. The cell has to compromise fidelity, 

resulting in acceptable errors. DNA replication is very tightly regulated with many 

mechanisms for proofreading, resulting in less than one in 10-8 errors, while translation has 

less stringent proofreading and consequently a higher error rate at roughly one in 10-3 to 10-4 

(Ogle and Ramakrishnan, 2005). The first proofreading, or selection step, in translation is the 

interaction of EF-Tu with aminoacylated tRNA. The ternary complex formed by charged 

tRNA, EF-Tu, and GTP enters the A-site to form an anticodon-codon interaction. The 

strength of this interaction determines if the ternary complex remains in the A-site to perform 

the GTP hydrolysation reaction needed for EF-Tu release. Another proofreading step is after 

hydrolysation of the GTP in the ternary complex has occurred but before peptidyl transfer. 

Depending on the strength of the anticodon-codon interaction, either the tRNA carries out 

peptidyl transfer in the P-site or it may drop off leaving the A-site open for a new ternary 

complex (reviewed by Ogle and Ramakrishnan (2005)). This process is not as stringent as 

those involved in DNA replication and despite the proofreading, translational errors such as 

mis-incorporation of a near-cognate tRNA or frameshifting occur relatively frequently. 
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Translational errors and frameshifting 

Errors can occur when the translation machinery pauses to wait for a charged tRNA to enter 

the A-site and bind to the codon on the mRNA. One kind of error is the frameshift where the 

translational reading frame slips backwards or forward, thus giving rise to new codons in the 

P- and A-sites, and results in an altered or often truncated protein (Figure 3). 

 

 

 

 

Figure 3. Frameshifting may occur during a 

pause in the translation process. This may be 

due to slow entry by the charged tRNA (in this 

case the lysine tRNA reading AAA) into the A-

site of the ribosome. During this pause, the 

tRNA and ribosome may slip in frame. In this 

example of +1 frameshifting, the proline tRNA 

reading CCC in the P-site has a match allowed 

by wobble base pairing with the first base of 

the codon in the A site. The wobble base 

pairing makes it slippery since it has a cognate 

base pair if the tRNA and the ribosome slips 

one-step forwards. If a slip occurs, the 

translation process continues but now with a 

+1 shift in its reading frame usually leading to a 

non-functional and/or truncated protein. 

The actual mechanism for frameshifting has been the subject of a lot of debate and this thesis 

is based on the current model presented by our laboratory (Qian et al, 1998; Farabaugh and 

Björk, 1999; Farabaugh, 2000), but other models also describe the mechanism of 
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frameshifting (Harger, Meskauskas and Dinman, 2002; Stahl, McCarty and Farabaugh, 2002; 

Baranov, Gesteland and Atkins, 2004). According to the dual error model, frameshifting can 

occur when the translation apparatus pauses, for instance due to the lack of the correct 

charged tRNA. This pause allows other interactions with less favorable kinetics to occur 

instead of the strong binding of the cognate tRNA in the A-site of the ribosome. These 

mismatches in the A-site constitute the first error. The induced pause allows the tRNA in the 

P-site to slip either backward or forward in frame causing the second error. Frameshifting is 

not only induced by events in the A-site, but also in the stability of the anticodon-codon 

interaction in the ribosomal P-site. Frameshifting due to slipping occurs more often if the 

tRNA in the P-site is a near cognate tRNA and is at a site where it is possible to make a new 

cognate codon-anticodon pair after a frameshift. Some tRNA species are more prone to slip 

than others due to their intrinsic properties such as weak anticodon-codon interactions 

(Gallant and Lindsley, 1993; Gallant, Lindsley and Masucci, 2000), such as  which 

readily shifts if it has a UUU codon to bind to in the new reading frame (Schwartz and 

Curran, 1997). Adding to the complexity of frameshifting is that the presence of modified 

tRNA’s in the A- and/or P-site also negatively or positively affects frameshifting (Björk, 

Wikström and Byström, 1989; Hatfield et al, 1989; Qian et al, 1998; Urbonavicius et al, 2001, 

2003; Björk and Hagervall, 2005). 

tRNALys
AAA
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Modified nucleosides 

 

Apart from the normal tRNA nucleosides (A, C, G, and U), all organisms have modified 

nucleosides and some like D, Ψ, Um, m5U, ac4C, Cm, m1G, m7G, Gm, m1A, m6A, t6A, 

ms2t6A, and I are conserved through the Archaea, Bacteria, and Eukarya kingdoms (Björk, 

1986; Cermakian and Cedergren, 1998; Motorin and Grosjean, 1998). The names of their 

structures and their common names are organized according to the work of Limbach et al. 

(1994). Modified tRNA nucleosides are formed via post-transcriptional reactions that alter the 

properties of the original nucleoside and are mediated by a large group of enzymes that act on 

specific sites on the tRNA. The modifications can be as simple as an addition of a methyl 

group in the case of m1G (Byström and Björk, 1982; Hjalmarsson, Byström and Björk, 1983) 

or as complicated as a multiple step reaction such as in the case of ms2io6A (Persson et al, 

1994; Björk and Hagervall, 2005). In the synthesis of Q, the tRNA modification enzymes do 

not alter the original nucleoside. Instead, the original nucleoside is replaced in a cut and paste 

reaction inserting the modified nucleoside in the tRNA (Noguchi et al, 1982; Nishimura, 

1983; Slany and Kersten, 1994). Modified nucleosides are present in both rRNA and tRNA 

and occur at a wide variety of positions. The proportion of modified nucleosides varies, but in 

Escherichia coli tRNA roughly 10% of the total number of nucleosides are modified (Björk 

and Hagervall, 2005). Therefore, a lot of genetic material is dedicated to the synthesis of 

modified nucleosides (a total of 1% of the bacterial genome) meaning that around 4 times as 

much bacterial DNA is dedicated to the production of modified nucleosides as compared to 

the genes for tRNA synthesis (Björk and Hagervall, 2005). To date, 96 different modified 

nucleosides have been identified with 31 being found in Salmonella enterica serovar 

Typhimurium tRNA (Motorin and Grosjean, 1998; Björk and Hagervall, 2005). The synthesis 
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of modified nucleosides can be highly site-specific so that only a single nucleoside at a 

defined site in the RNA is modified (examples are given in Figure 4). Not only is a large 

amount of enzymes involved in the synthesis of modified nucleosides, but they also require a 

wide variety of co-factors such as iron, oxygen, s-adenosyl methionine (SAM), and cysteine 

(Björk and Hagervall, 2005). These co-factors can act as links to the metabolic state of the 

cells regulating the modification levels, which in turn can affect other traits such as virulence 

(Durand et al, 2000) or thiamine synthesis (Björk and Nilsson, 2003). tRNA’s contain the 

largest number of modified nucleosides and the modifications have an important function in 

altering the tRNA’s properties and structure. Some tRNA positions (such as 34 and 37; Figure 

5) are more frequently modified than others (hypermodified) and their location in and around 

the anticodon loop suggests they play a role in translation (Curran, 1998; Björk and 

Hagervall, 2005).

 

Figure 4. Proposed pathways for the synthesis of the tRNA modifications s2C, (c)mnm5s2U, s4U, and 

ms2i(o)6A (Björk and Hagervall, 2005).
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Figure 5. Positions of bacterial modified tRNA 

nucleosides. Note that positions 34 and 37 in 

and 3’ of the anti-codon loop are 

hypermodified (modified from Björk and 

Hagervall (2005)).

 

 

Many studies of tRNA modification function have investigated how their absence affects the 

cell. For example, the presence of mnm5s2U at position 34 is required for lysine identity 

(Giegé, Sissler and Florentz, 1998). The absence of tRNA modifications also affects 

frameshifting, translational fidelity, tRNA attenuation, virulence, thiamine biosynthesis, and 

the central metabolism of the cell (Björk and Hagervall, 2005). Generally, most tRNA 

modifications seem to be important in modulating various processes and some of their effects 

are only observed under conditions involving stresses such as starvation, or changes in 

temperature or growth medium. To date, a large number of functions for tRNA modifications 

have been found (Björk and Hagervall, 2005), but more remain to be elucidated. Therefore, 

tRNA modifications are important for the proper function of the cell and increasing our 

knowledge about them will aid in understanding the intricacies of translation. As previously 

stated, many tRNA modifications are important for translation and positions 34 and 37 in the 

anticodon and 3’ of it, respectively are hypermodified. The effects of these hypermodified 

nucleotides on anticodon-codon interaction can be subtle (such as frameshifting), but also 

more dramatic like altering the wobble capacity (Nishimura, 1979; Yokoyama and Nishimura, 
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1995; Björk and Hagervall, 2005). A lot of work has been carried out to elucidate the effect of 

modified nucleosides on frameshifting and in many cases its role is to maintain the reading 

frame (Urbonavicius et al, 2001). For instance, lack of Q or ms2i6A increases frameshifting, 

suggesting these tRNA modifications are important for maintaining the translational reading 

frame. This could be a general function of tRNA modifications and a selection for 

maintaining the presence or even the introduction of new modified nucleosides in the tRNA 

(Urbonavicius et al, 2001). 

 

 

Thiolated nucleosides in tRNA 

 
Some tRNA modifications can be grouped due to common synthesis pathways or synthetic 

components e.g. thiolated nucleosides contain a thio-group (sulfur) as part of their 

modification and are dependent on iron-sulfur metabolism to perform the thiolation. The six 

thiolated nucleosides in Salmonella tRNA are 4-thiouridine (s4U), 2-thiocytidine (s2C), 5-

methylaminomethyl-2-thiouridine (mnm5s2U), 5-carboxymethylaminomethyl-2-thiouridine 

(cmnm5s2U), 2-methylthio-N6-isopentenyladenosine (ms2i6A), and 2-methylthio-N6-(cis-

hydroxyisopentenyl) adenosine (ms2io6A) (Figure 4). According to their synthesis, there are 

four different kinds of thiolated nucleosides: s4U, s2C, (c)mnm5s2U, and ms2i(o)6A. The latter 

two are made up of the derivatives mnm5s2U/cmnm5s2U and ms2i6A/ ms2io6A, respectively 

that have common thiolation steps (U34→s2U34 or i6A37→ms2i6A37), but the synthesis 

pathway halts at different points. All tRNA thiolated nucleosides require the iron sulfur 

cluster enzyme IscS (Lauhon, 2002; Paper I). In addition, s2C and ms2i(o)6A also require 

further parts of the iron-sulfur cluster assembly machinery for their synthesis (Leipuviene, 

Qian and Björk, 2004). 
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4-thiouridine (s4U) 

The tRNA modification s4U is present in Archaea and Bacteria but not Eukarya (Motorin and 

Grosjean, 1998) and it is synthesized in a single step. It is present in tRNA positions 8 and 9 

on many different tRNA, but in S. enterica it is only present at position 8 (Björk and 

Hagervall, 2005). The formation of s4U (see Figure 4 for the structure) is synthesized by the 

ThiI enzyme (postulated to be the same as NuvC) and the thiI gene maps at minute 9 of the S. 

enterica genome (Mueller et al, 1998). The ThiI protein is also involved in thiamine synthesis 

(Webb, Claas and Downs, 1997; Taylor et al, 1998) which is an interesting example of 

multiple specificity of a tRNA modifying enzyme. The final step is the thiolation reaction that 

is dependant on Cys344 and Cys456 in ThiI (Palenchar et al, 2000; Mueller, Palenchar and 

Buck, 2001). The iron sulfur cluster enzyme IscS is required for donating the sulfur to ThiI 

(Kambampati and Lauhon, 1999, 2000). 

 

2-thiocytidine (s2C) 

The s2C tRNA modification is also present in Archaea and Bacteria but not in Eukarya 

(Motorin and Grosjean, 1998) and is located at position 32 on , , 

, and  (Steinberg, Misch and Sprinzl, 1993; Björk and Hagervall, 

2005). The thiolation reaction appears to involve one protein (TtcA) and its deletion drains 

the cells of s2C in their tRNA (Jäger et al, 2004; Figure 4). TtcA is dependent on its Cys-X-X-

Cys motif to function as a tRNA modifying enzyme (Jäger et al, 2004) and it has been shown 

to be an [Fe-S] cluster protein (Marc Fontecave and Mohamed Atta (Grenoble, France), 

Arg
ICGtRNA Arg

CCGtRNA

Arg
mnm5UCUtRNA Arg

t6ACUtRNA
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personal communication) and as such dependant on the synthesis of iron sulfur clusters 

(Leipuviene et al, 2004). 

 

5-methylaminomethyl-2-thiouridine/5-carboxymethylaminomethyl-2-

thiouridine (mnm5s2U/cmnm5s2U) 

The modified nucleosides mnm5s2U and cmnm5s2U are only present in Bacterial tRNA 

(Motorin and Grosjean, 1998) at position 34 in tRNA reading glutamine, lysine, and 

glutamate (Steinberg et al, 1993). Their synthesis consists of a number of steps (Figure 4) and 

the multiple step reaction is postulated to start with U being modified to cmnm5U by MnmE 

and GidA in an unknown mechanism (Bregeon et al, 2001; Björk and Hagervall, 2005; 

Scrima et al, 2005). Subsequently, MnmC modifies cmnm5U into the intermediate nm5U and 

then into mnm5U (Hagervall et al, 1987; Bujnicki et al, 2004). Independent of the other 

reactions, MnmA can modify U34, mnm5U34, or cmnm5U34 into s2U34, mnm5s2U34, or 

cmnm5s2U34, respectively (Sullivan et al, 1985). The thiolation step is performed by MnmA, 

although other reactions are involved (Ikeuchi et al, 2006). The other reactions involve the 

passage of sulfur through a sulfur relay starting with the iron sulfur cluster protein IscS, 

through TusA, TusB, the dimer TusBC, TusE, and finally to MnmA which performs the 

actual incorporation of the sulfur into the tRNA (Lauhon, 2002; Paper I; Ikeuchi et al, 2006). 

Thus, the sulfur of (c)mnm5s2U originates from IscS in a similar manner to s4U. 

 

2-methylthio-N6-(cis-hydroxyisopentenyl) adenosine (ms2io6A) 

 ms2i6A is present in both Bacteria and Eukarya. Interestingly, ms2io6A is not present in 

Escherichia coli but is present in Salmonella (Persson and Björk, 1993) at position 37 next to 
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the anticodon in all tRNA’s reading UNN apart from two Seryl-tRNA species, , 

and  (Grosjean et al, 1985; Steinberg et al, 1993). The first step in the pathway is 

the MiaA catalyzed addition of the isopentenyl group i6 to the naked A to form i6A (Caillet 

and Droogmans, 1988; Connolly and Winkler, 1989; Moore and Poulter, 1997) (Figure 4). 

The second step is catalyzed by the MiaB enzyme which thiolates i6A (Esberg and Björk, 

1995; Esberg et al, 1999) and possibly catalyzes the methylation reaction to ms2i6A (Pierrel et 

al, 2002, 2003). MiaB is an [Fe-S] cluster protein and thus requires the synthesis of iron sulfur 

clusters (Pierrel et al, 2002). The final step is the hydroxylation catalyzed by MiaE, turning 

ms2i6A into ms2io6A which requires molecular oxygen (Persson and Björk, 1993). 

tRNASer
UCU

tRNASer
UCC

 

 

Iron sulfur metabolism in enterobacteria 

 

The synthesis of all six thiolated nucleosides in enterobacteria requires the production of iron 

sulfur clusters. More precisely, the iron sulfur center protein IscS is vital for the formation of 

all species of thiolated nucleosides (Lauhon, 2002; Paper I). To understand why, it is 

necessary to understand the synthesis of iron sulfur clusters. 

 

Iron sulfur clusters 

A huge variety of proteins in all organisms contains [Fe-S] centers and they are involved in 

many reactions including metabolism and tRNA modification. The reason for this is that 

together iron and sulfur have a great number of properties that makes them very versatile. [Fe-

S] centers act as electron donors or acceptors, meaning they can take part in a large variety of 
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reactions making them suitable as a common building block for many enzymes. [Fe-S] 

centers can be combined in a range of conformations such as [2Fe-2S] and [4Fe-4S] (Figure 

6) that are affected by conditions within the cell. This alters the enzyme function and allows 

adaptations to the cellular environment (Frazzon and Dean, 2003; Barras, Loiseau and Py, 

2005). One example of how [Fe-S] centers alter according to the cellular environment is 

towards the availability of oxygen, such that the conformation and stability of [Fe-S] clusters 

and accordingly the activity of the protein alters between oxic and anoxic conditions. 

Dependent on the altered availability of oxygen, and consequently the reduction-oxidation 

potential (redox) state of the cell, the [Fe-S] clusters contain either Fe2+ or Fe3+. The sulfur in 

the centers comes from free L-cysteine and the [Fe-S] center is usually coordinated by 

cysteines binding the [Fe-S] center between them (Figure 6). However, sometimes histidinyl, 

aspartyl, or hydroxyl residues act as parts of the coordinating framework. The pathways for 

[Fe-S] cluster synthesis are very well conserved between species and have several names. In 

fact, many organisms have more than one system and some eukaryotes have up to three 

systems.  

 

In enterobacteria, the two principal systems are termed the iron sulfur cluster protein genes 

(isc) and the sulfur utilization factors (suf) that have slightly different roles but are somewhat 

overlapping. Both systems encode for a number of proteins all dedicated to synthesizing [Fe-

S] clusters and inserting them into their target proteins, as well as possibly maintaining them 

(Frazzon and Dean, 2003; Barras et al, 2005).
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Figure 6. 2Fe-2S (Top) and 4Fe-FS [Fe-S] 

(bottom) clusters. Modified from Frazzon and 

Dean (2003) and Barras et al. (2005).

 

The isc-operon 

The isc-operon actually consists of several operons, iscRSUA, hscAB, and fdx (Frazzon and 

Dean, 2003; Barras et al, 2005) that are grouped together on the enterobacterial genome 

(Figure 7), but have at least three different promoters. IscR regulates the iscRSUA operon by 

feedback regulation. IscR requires an active [Fe-S] cluster to function as a regulator, thus 

making the regulation of the isc-operon sensitive to iron levels and thereby dependent on the 

ferric uptake regulator (fur) as well as the oxygen status of the cells. The details of hscAB and 

fdx regulation are unknown, but HscAB levels increase during cold shock. To date, no 

obvious connection to the formation of [Fe-S] clusters for this apparently unrelated function is 

known. The availability of iron in the cell is tightly regulated since Fe2+ is toxic due to its 

ability to create hydroxyl radicals in the Fenton reaction (Fridovich, 1995). Due to the toxicity 

of Fe2+, the effect of oxygen on the reductive state and stability of [Fe-S] clusters, and the 

variety of proteins affected by the availability and state of the [Fe-S] clusters, this is one of 

the most diverse pathways in the bacterial cell with regards to the range of effects and 

possibilities for regulation. 
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iscAiscR iscS iscU hscB hscA fdx orf3 

Figure 7. Organization of the isc-operon in E. coli and S. enterica. 

 

Assembly pathway 

The synthesis and incorporation of [Fe-S] clusters into proteins is a sequential process with 

many steps (Frazzon and Dean, 2003; Barras et al, 2005) (Figure 8). The sulfur from L-

cysteine is cleaved by IscS, which in essence is a cysteine desulferase, resulting in the 

transformation of cysteine into alanine. This reaction requires the cofactor pyridoxal-5-

phosphate (PLP) for the reaction by the catalytic Cys328 in IscS. Cys328 is located in a 

flexible area of the protein that facilitates its contact with the substrate and allows the required 

conformational change to occur. The sulfur is transferred to IscU, which acts as a scaffold in 

which the Fe-S cluster is assembled. The mechanism for the scaffold is not fully understood, 

especially whether IscU acts as a dimer or monomer, or whether it is charged with Fe before 

or after the sulfur is added. It is known that inside IscU, iron and sulfur interact to form a [Fe-

S] cluster that is then transferred to other proteins. The role of the DnaK and DnaJ 

homologues HscA and HscB is also unclear, but they specifically interact with IscU as a 

dimer and it is thought that they facilitate release of the [Fe-S] from IscU by acting as co-

chaperones. The exact role of ferredoxin (Fdx) is unknown, but it might act on the target 

protein to prime it for insertion of the [Fe-S] cluster or on the [Fe-S] cluster itself. However, it 

is clear that Fdx stimulates the formation of [Fe-S] clusters in the target proteins since its 

absence decreases the incorporation of [Fe-S] clusters into proteins. 
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Figure 8. Schematic view of [Fe-S] cluster biogenesis. IscS desulferases a cysteine and delivers the 

sulfur to IscU where iron is added to form the [Fe-S] center. The [Fe-S] center is introduced into the 

target protein with the help of HscAB and Fdx that possibly aid in the release of the [Fe-S] center from 

IscU. IscA acts as either an iron recruiter or as an alternative scaffold (reviewed in Frazzon and Dean 

(2003) and Barras et al. (2005)). 

 

IscA 

The role of IscA is still under debate. It can act as a scaffold for [Fe-S] assembly in the same 

manner as IscU (Frazzon and Dean, 2003; Barras et al, 2005), but it has also been postulated 

to act under iron limited conditions as a recruiter for iron that interacts with apo-IscU (Ding, 

Clark and Ding, 2004). In our laboratory, it has been shown that various iscA mutants, 

including a deletion mutant, were only affected in their levels of ms2i(o)6A and not in any 

other tRNA modifications. This demonstrates that not all thiolation reactions are affected 

(Leipuviene et al, 2004; Paper III). This hints at a supporting, but not essential role for IscA in 

the synthesis of [Fe-S] clusters. IscA may act as a recruiter for iron and/or as an alternative 

scaffold in certain conditions through its presumed ability to bind iron better than IscU (Ding 

et al, 2004). MiaB might be more sensitive to the levels of loaded IscU that could be altered 

by the presence of IscA. MiaB might also need IscA for optimizing the transfer of [Fe-S] 
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clusters from IscU to MiaB by for instance, acting as an intermediate scaffold. None of these 

proposed functions of IscA would be mutually exclusive so it might be a combination of them 

all. 

 

Suf 

As previously mentioned, a second system for [Fe-S] cluster assembly is encoded by the suf 

genes (reviewed by Barras et al. (2005)). The suf genes are quite homologous to the isc genes 

and their gene products are able to perform similar reactions in vitro. The effect of an 

inactivated isc-operon on [Fe-S] cluster formation is partially suppressed by over expression 

of the suf-operon. However, the Suf system-working model is slightly different from the Isc 

system. In vivo, it is not able to substitute for the absence of the iscS gene for tRNA 

modification, even if the suf genes are still present on the chromosome (Lauhon, 2002; Paper 

I). On the other hand, the Suf system appears to act on [Fe-S] clusters incorporated into 

proteins. It has been postulated that the suf system is more important under oxidative stress 

and/or iron depletion, which might explain the overlapping functions (Nachin et al, 2003; 

Ollagnier-de Choudens et al, 2003). However, their role remains elusive and needs further 

examination. 

 

 

The working model 

The synthesis of thiolated tRNA modifications and the [Fe-S] pathway are intricately linked 

and by studying tRNA modification, information can be gained regarding the synthesis of 

[Fe-S] centers. The enzymes ThiI, TusA, TtcA, and MiaB all require IscS to be functional, but 

ThiI and TusA do not depend on the synthesis of [Fe-S] clusters. Both an iscS deletion mutant 
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and an iscS containing a point mutation were found to lack all thiolated nucleosides in both E. 

coli and S. enterica tRNA (Lauhon, 2002; Paper I. Whereas, iscU, hscA, and fdx mutations 

only lacked s2C and ms2i(o)6A (Leipuviene et al, 2004). It was shown that ThiI interacts with 

IscS directly (Kambampati and Lauhon, 1999, 2000) and that both TtcA and MiaB contain an 

[Fe-S] cluster required for their activity. Based on this and the analysis of mutants in the isc-

operon, a model was postulated (Leipuviene et al, 2004) (Figure 9). According to this model, 

there are two principal pathways to synthesize tRNA modifications. The first pathway is a 

direct persulfide transfer mechanism utilized to synthesize s4U and s2U that requires the sulfur 

delivered by IscS but not the rest of the machinery (i.e. IscUA, HscAB, and Fdx). The 

pathway relies on the [Fe-S] cluster containing enzymes MiaB and TtcA and is used to 

synthesize s2C and ms2i(o)6A, making it dependant on the entire [Fe-S] machinery. These 

models were experimentally tested revealing further complexities (Papers II and III). 

 

 

Figure 9. A working model for the two pathways for thiolated nucleoside synthesis. The dashed line 

separates the [Fe-S] independent pathway (above the line) from the [Fe-S] dependent pathway (below 

the line). A dashed arrow signifies that unknown steps might be involved. Modified from Leipuviene et 

al. (2004) with the addition of the mutant classes and the involvement of TusABCDE. 
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Tools of the trade 

 
Mutations in genes involved in the synthesis of tRNA modifications rarely exhibit an obvious 

phenotype under laboratory conditions. Therefore, to screen for new mutants a system 

utilizing that the lack of tRNA modifications often affects the frameshifting capabilities of the 

tRNA they are usually incorporated into was used (Urbonavicius et al, 2001; Paper I). For 

example, by inserting a frameshifting site into one of the his genes involved in histidine 

metabolism the cells must frameshift at this site to survive in a medium lacking histidine. This 

allows selection for mutations inducing frameshifting and therefore, a way to select for a lack 

of tRNA modifications. By random mutagenesis, it is possible to select for tRNA 

modification mutations by picking cells that grow on a medium lacking histidine. By altering 

the sequence in the frameshifting sites it is possible to examine different tRNA species and 

hence, different tRNA modifications (Papers I, II, and III). 

 

Choice of model organism 

The model organism used for this thesis was Salmonella enterica Serovar Typhimurium LT2 

and was chosen as it contains most of the group’s tRNA mutations making later genetic 

experiments simple. The advantages of S. enterica over E. coli are that pathogenesis effects 

may be tested; S. enterica naturally lacks the β-galactosidase gene so that lacZ may be used as 

a reporter gene; and Salmonella has a defined wild type in Salmonella enterica LT2 unlike the 

numerous E. coli variants. 

 

The choice of S. enterica over a eukaryote such as Sacharomyces cerevisae was not clear cut, 

as genetic techniques such as the two-hybrid system, the presence of monocistronic operons 
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and single copy plasmids, and the ability to study diploid cells are all available in yeast. 

However, S. enterica has the advantages of polycistronic operons making it easier to find and 

analyze genes of common function, simpler genetic regulation, it lacks cellular compartments 

removing nuclear export issues, and it is faster growing making it easier to study the 

phenotype in diverse growth media. Salmonella also have a powerful genetic tool in the use of 

bacteriophage P22 (P22HT) that packs one minute (44 kb) of random genetic material into its 

head, facilitating genetic mapping and transduction (Schmieger, 1972). The phage is easy to 

work with and stable in storage.  
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Aims 

 

The aims of this thesis were: 

• Examine the phenotypes of mnmA and iscS mutations. 

• Optimize the frameshifting selection system used to find new tRNA mutations. 

• Test the model for thiolation of modified nucleosides in tRNA. 

• Find new mutations in the isc- operon affecting tRNA modification. 
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Results 

 

The initial experiments were aimed towards optimizing the frameshift selection system to 

avoid overgrown plates whilst obtaining as many recipient cells as possible. After a genetic 

backcross with P22 and purification of the clones, surprisingly few false positive clones were 

found. 

 

 

Paper I 

 

One of the tRNA modification mutants to be isolated with the frameshift selection system was 

the mnmA1 mutant. This was the first time that a mnmA mutation was isolated in S. enterica, 

although it had been previously isolated in E. coli (Sullivan et al, 1985). Attempts to delete 

the mnmA gene with the λ-red recombinase system were unsuccessful (Datsenko and Wanner, 

2000) despite it being deleted in E. coli. The mnmA1 strain grew very poorly, producing small 

colonies on plates compared to the wild type and therefore, it was investigated if the growth 

rates of the S. enterica and E. coli mnmA mutants were linked to the growth media or 

temperature. The first iscS mutation (iscS51) was also isolated in Salmonella. A ΔiscS strain 

in E. coli had previously decreased the growth rate by approximately 50% and required 

thiamine and nicotinic acid to grow (Lauhon and Kambampati, 2000). The iscS mutant 

growth rate was very similar to the rates measured in the mnmA1 mutant and the previously 

isolated E. coli mnmA mutant (Hagervall et al, 1987). In case the slow growth of the iscS 

mutant was due to the lack of s2U, the growth rates of the mnmA1, the iscS51 point mutation, 
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and iscS deletion strain (CL100; graciously supplied by Dr Lauhon) were compared. 

Interestingly, the iscS51 and ΔiscS mutants had reduced levels of tRNA thiolated nucleosides, 

although not all the thiolated modifications were equally reduced. This result was 

independently confirmed by Dr Lauhon in E. coli and suggests that thiolation of tRNA 

requires a functional IscS. Except during the logarithmic growth phase, the relative levels of 

s2C were higher than other thiolated nucleosides. When the cells were grown to a higher 

density, the levels of s2C further increased to 22% of wild type levels while the other 

modification levels remained unchanged (Table 1). This hinted at a secondary system only 

capable of synthesizing s2C. It is possible that the Suf system is responsible for this effect, and 

it may (poorly) act as a sulfur donor during the synthesis of thiolated nucleosides tRNA. 

However, over expression by the suf genes did not give this result in E. coli (Lauhon, 2002).  

 

Relative level of modified nucleoside (%) Relevant 

genotype 

Time of 

harvest s2C (c)mnm5s2U s4U ms2i(o)6A 

iscS+ Log phase 100 100 100 100 

iscS+ 24h 109 126 132 92 

iscS+ 32h 106 121 130 85 

ΔiscS Log phase <9,0 <0,1 <0,1 1,6 

ΔiscS 24h 22 <0,1 <0,1 2,0 

ΔiscS 32h 22 <0,1 <0,1 2,0 

 

Table 1. Levels of modified nucleosides in the wild type and ΔiscS mutation as shown by HPLC. The 

numbers shown are the levels relative to the wild type levels of the same modified nucleoside both 

normalized against the levels of ψ. 
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It was also noted that the growth rate of the mnmA mutants were identical to the ΔiscS mutant. 

Since only the absence of the modification pathways genes tusA, tusB, tusC, tusD, tusE, or 

mnmA cause a growth defect, it is feasible that the iscS mutants growth defects were due to a 

lack of s2U (Paper I; Ikeuchi et al, 2006). At the very least, it suggests that lack of s2U in the 

tRNA leads to a growth defect. An iscS mutant could also cause other deficiencies that lead to 

a slow growth phenotype unrelated to the presence of s2U, but the effect does not seem to be 

cumulative when comparing growth rates between mnmA and iscS mutants.  

 

Paper II 

 
The previously postulated model from our group (Leipuviene et al, 2004) (Figure 9) was 

examined utilizing the frameshift selection system. In this case, localized mutagenesis around 

a genetic marker (Tn10dTc) situated close to the isc-operon upstream of iscR was examined. 

The advantage of this approach was that random mutagenesis would produce point mutations 

that might differ from the deletions and therefore, identify new vital regions in the isc-operon 

proteins. According to our model, mutations in iscS would lack all thiolated nucleosides while 

those in iscU, hscAB, or fdx would only affect the levels of s2C and ms2i(o)6A. As was shown 

by the iscA deletion, mutations in iscA would only affect the levels of ms2i(o)6A (Leipuviene 

et al, 2004). To be able to isolate mutations in all possible genes of the isc-operon and to 

distinguish between the different mutations a slightly different approach was used. Previously 

in Paper I, only the CCC-CAA site that detects levels of (c)mnm5s2U was used. According to 

the model, mutations lacking the other thiolated tRNA modifications would not be found 

since they would not be present on the  required to frameshift in the selection 

scheme. On the other hand, the UUU-UAA site selects for the absence of ms2i(o)6A and 

tRNAGln
CAA
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would be sensitive to alterations in all the isc-operon genes. If the model were correct, only 

mutations in the iscS gene would be found in the CCC-CAA construct while mutations in all 

the genes in the operon would be present in the UUU-UAA construct. 

 

As expected, iscS mutations lacking all tRNA thiolated nucleosides (iscS51, -56, -58, -60, and 

-61) were found. Surprisingly, iscS mutations (iscS55, -57, -59, -63, -64, -65, and -66) were 

also isolated that only lacked subsets of thiolated nucleosides rather than all of them. This 

suggested the interactions of IscS with its target enzymes were more complex than had been 

postulated. A class system was created to categorize the mutations (Figures 9 and 10). Two 

mutants (iscS55 and -57) had reduced levels of both (c)mnm5s2U and s4U (Class II). 

Therefore, they were specific for the [Fe-S] independent pathway since the levels of s2C and 

ms2i(o)6A were unaffected (Table 2). After the first of the [Fe-S] independent pathway 

mutants (Class II) had been isolated, a paper was published describing a mutation close to 

Cys328 that showed the reverse phenotype (Lauhon et al, 2004). The mutant had reduced 

levels of s2C and ms2i(o)6A, but the levels of (c)mnm5s2U and s4U were unaffected (Class III). 

Subsequently, we isolated mutant iscS59 that only lacked (c)mnm5s2U (Class IIB, Table 2) 

and mutants only lacking ms2i(o)6A despite being in the iscS gene and not in iscA (iscS63, -

65, and -66; Class IIIB). Finally, mutant iscS64 was found that was reduced in all thiolated 

modifications apart from (c)mnm5s2U (Table 2). The results suggest that IscS does not merely 

present the sulfur to IscU, but rather interacts with a wide variety of proteins in a complex 

manner and therefore, has greater substrate specificity than had previously been envisioned. 

Regions of IscS tentatively identified as important for these interactions include the C-

terminal region that appeared to be important for levels of ms2i(o)6A (Class IIIB) and a α-

helix that might be important for the [Fe-S] independent pathway mutants (Class II). 
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Mutation Mutant Class 

(see Figure 10) 

Alterations in iscS Reduced level of 

tRNA modification 

iscS51 I A327V All 

iscS55 II W45R (c)mnm5s2U+s4U 

iscS56 I S184I All 

iscS57 II D65F (c)mnm5s2U+s4U 

iscS59 IIB H96Y (c)mnm5s2U 

iscS60 I Q183N All 

iscS61 I M169V All 

iscS58 I FS at codon 26 All 

iscS63 IIIB V153W ms2i(o)6A 

iscS64 IIB+III A321S s2C+ s4U+ ms2i(o)6A 

iscS65 IIIB H340R ms2i(o)6A 

iscS66 IIIB FS at codon 380 ms2i(o)6A 

 

Table 2. Summary of the point mutations found in iscS (FS=Frameshift mutation). 

 

The area in the IscS C-terminal domain putatively important for the levels of ms2i(o)6A is 

intriguing since it might suggest that there is an interaction between IscS and IscA. This iscS 

mutation gives rise to the same phenotype as an iscA mutation. It is possible that the [Fe-S] 

cluster assembly needed for synthesis of ms2i(o)6A (MiaB) could be more sensitive to levels 

of functional IscS or IscU than HscA, HscB, Fdx, or TtcA. However, this does not seem to be 

the case since mutations that affect all the thiolated nucleosides do not reduce ms2i(o)6A 

levels any more than the other thiolated tRNA modifications. 
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That mutations specific to all thiolated nucleosides were not found might be because these 

specificities do not exist. However, since no duplicates of the mutations were isolated the 

system could not have been saturated and therefore, no conclusions can be drawn regarding 

these missing specificities. 

 

Interestingly, the slow growth in rich medium phenotype when levels of (c)mnm5s2U were 

reduced were consistent with our and Ikeuchi et al. previous results (Paper I; Ikeuchi et al, 

2006). None of the mutations found contradicted the original model, although it did suggest 

that the original model was too simple and that there is a complex interaction between IscS 

and the sulfur recipients and therefore, a modified model was proposed (Figure 10). 

 

 

 Figure 10. The current model for the thiolation of modified nucleosides in bacterial tRNA with the 

possible interaction points for IscA (a and b). A dashed arrow signifies that unknown steps might be 

involved. 
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Paper III 

Apart from the iscS mutations summarized in Paper II, four mutations in iscA and one in iscU 

were also found (all isolated in the UUU-UAU background; Table 3). The iscA mutants were 

all in unique positions and reduced the level of ms2i(o)6A to similar levels. The iscU mutation 

reduced both s2C and ms2i(o)6A levels, although to differing degrees. The iscA mutations 

were all close to identified cysteine residues and the iscU mutation was in the LPPVK motif 

needed for interaction with hscAB. The reduction in tRNA modification levels dependent on 

the function of [Fe-S] proteins in the iscA mutant may be due to structural alterations around 

the cysteines postulated to be important for the function of IscA. In the case of the iscU 

mutation, it disrupts the interaction with HscA (Hoff et al, 2002; Cupp-Vickery et al, 2004). 

 

The iscU and iscA mutations were all isolated in the UUU-UAA construct in accordance with 

the model. To date, no mutants contradict the current model, although the selection system is 

not yet saturated. 

 

Mutation s2C (c)mnm5s2U s4U ms2i(o)6A 

iscU67 5 77 108 45 

iscA60 100 82 101 60 

iscA68 107 80 106 75 

iscA69 100 94 104 76 

iscA70 100 120 119 69 

 

Table 3. Levels of modified nucleosides in the iscU and iscA mutations expressed as a percentage of 

the levels in the wild type after normalization against ψ. 

 35



Discussion 

 
The current model for the production of thiolated tRNA modifications describes two distinct 

pathways. The first is a [Fe-S] independent pathway utilized by ThiI and TusA to make s4U 

and (c)mnm5s2U, respectively. The second is a [Fe-S] dependent pathway utilizing MiaB and 

TtcA that requires the synthesis of [Fe-S] clusters to function. The results presented in this 

thesis have confirmed the model, although IscS appears to be a lot more specific in its 

interactions than originally postulated. Instead of being a passive donor of sulfur, IscS 

interacts with various target proteins and there could even be some competition for the sulfur 

available in IscS. The explanation why S. enterica does not have a single interaction site for 

all sulfur recipient proteins is not clear, but one possibility is that the proteins involved in the 

synthesis of [Fe-S] clusters are all in one big complex giving rise to the competition and the 

crosstalk between the pathways. Two highly speculative explanations for multiple protein 

interaction sites could be the cells requirement to regulate the levels of different tRNA 

modifications or alternatively, the specificity is an adaptation to another unrelated system that 

regulates IscS incorporation of [Fe-S] centers into proteins. What appears clear is that IscS is 

not just a passive relay of sulfur to IscU, ThiI, or TusA and that [Fe-S] cluster synthesis and 

incorporation is more complex than presently understood. 

 

The possibility that IscA recruits iron or acts as an alternative scaffold under iron limited 

conditions fits with the results suggesting an interaction between IscS and IscA. This is 

supported by the iscS mutations that act similarly to an iscA deletion mutant. The putative 

interaction between IscS and IscA would not be necessary if IscA acted after IscU had 

received the sulfur from IscS and therefore, IscA must act on IscS before or instead of IscU. 

Alternatively, IscA may have a dual role also acting after IscU to aid in the transfer of the [Fe-
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S] cluster to MiaB. This would explain the reduction in only ms2i(o)6A in an iscA mutant as if 

IscA acted only as an iron recruiter it would reduce the levels of both s2C and ms2i(o)6A. 

However, the results could be explained if despite previous data (Ding et al, 2004) IscA is 

primarily an alternative scaffold, perhaps used in iron limited conditions. Since ms2i(o)6A is 

the only tRNA modification negatively affected by the lack of a fully functional IscA, this 

suggests that IscS interacts with IscA and MiaB has a higher affinity for IscA than for IscU. 

 

In summary, this thesis presents data regarding the [Fe-S] machinery and its effect on tRNA 

modifications. It is also obvious that in the future there will be a lot of work required to gain 

an even better understanding on how this important and highly complex machinery works. 
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